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FOREWORD
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line IMPATT diode power combiners carried out at the Electron
Physics Laboratory, Department of Electrical and Computer Ensincering,
The University of Michigan, Ann Arbor, Michipran. The work was
sponsored by the Air VForce Dystems Command, Avionies Laboratory,
Wright-Patterson Air Force Base, Ohlo under Contract
Ho. FI315=81-K=1hpa,
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March 1, 1981 to June 30, 1983 by Dr. Robert Actis. The report
wis released by the author in June 1983.
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CHATTER

INTRODUCTION AND OVERV IV

Thiv veport presents the results of an experiments,
investiration verardinge o new approach to circuli=level jower ¢on-
binines of multiple negative-resicstance devicer.  The tronoved
nppru:u-hl makes use of radially symmetric losclesy TRM Tine combin lnge
networks toprether with bandlimited nepative-resistance devices 1
provide an improved, spurious-tree decipn,

The combining networks studied are MNeway nonreconnnt comt Doore
which renerally use bandlimiting resistive statilicatien technliquer
to suppress undesirable interact ions amony devieeo:s. uriaue
teature of the new desien is that no resictive ctabiiizntion tect o
v oreauired. Suppression of the undecived dovice Totopractions
accompliched neine tosslers symmetric clireuits by oan o npercoring e
"marriase™ of device and circuit which vrovides the nocessy
conditions for stable combinine.,

Thic investipation is concerned with readicing combiners it
make wse ar this approach to achieve stable combiners/amplitiiers.

Twe combiners that have succeasfully demonstrated stable comtinine
operat.ion will be described. One desiern was aevelorea In microctring
and another was realized in a coaxial envircenment. both combiners
utilized two-IMPATT diodes in a symmetric circuit confiruration. Tie
appropriate circuit desipn to provide stable operation wns obtained
by determininge the device properties of candidate combiner dicodes

in various test circuits, and then selecting a cireuit which

suppresaed undesired device-circuit interactions.  The nertformance




ot both combiners demonctrated nonspurious stable amplifier operation.

A succeustul verification of the basic desiyn approach was achieved.

1.1 Survey of Combining Techniques

The precsent state of microwave power combining techniques has
recently been effectively summarized in various review articles.Q_“
Essentially, circuit-level power combining techniques can be clasci-
fied into two basic catepories: (1) "corporate" or "serial"
combiners, which successively combine increasing levels of power;
and () "N-way"combiners in which Ri power from multiple devices
in combined in a cingle step. 'The N-way combiners can be further
sub-cateporived into resonant and nonresonant structures. The

5

waverutde combiner of Kurokawa and Magalhaes® and the circular

cavity combiner of Harp and Stover® are examples of resonant

7 and Rucker's five-way

structures. The Vilkenson N-way combiner
combiner® are examples of nonresonant N-way combiners.

Fach of the combining schemes mentioned ha::  advantages and
associated limitations. Corporate or serial combiners have inherent
isolation amons devices thereby eliminating non-power-producing
interactions while providing broadband performance. However,
substantial circuit losses can decrease combining efficiency in
these structures. Resonant N-way combiners usually require some
form of selective stabilization resistors to suppress undesired
interactions among devices. In addition, the high-Q nature of
the cavity circuitry usually leads to narrowband operation. Thece

combiners do, however, have higfgher combining efficiencies since

power generated has a more direct path to the output. Nonresonant




N-way structures provide larger amplifier bandwiadths with a
corresponding inerense in the mode suppression problem,

The combinimgs cireuits concidered in this roport enn be
clacoified ns Newiy nonreconant M tranomiseion Tine petwore:,
ifirure 1.1 illustraten where thece combinings ctructures are ploee
in tie overall hierarchy. ‘These combinera offer a new appronen o
N-wity nonreseonant combiner design in that the cupprescion of -
desired combiner instabilitics is accomplished without bandlirit i
recistive stabilization technigues. The mode suppresciorn problem 1o
handled in losslecs circults by an appropriate celection of deviod
and circuit which rrovides the necessary conditicns oy o otarioc

corbiner,

1.0 OQutline of kxperimental Investiyration

The yron)l of this study ¢ an experimental verification of n
new approach to civeuit-level power combinine in which logsiens
TEM 1Tine combinines networks are used with bandlimitea DMPATT qevieos
to realizne stable combiners.  The purpose of the deciyne realized
in this investigation is not to achieve hirh power capability tut
rather to demonstrate a technique for renrizine ctable combiner/apli-
fier networka, In Chapter [I of this rejyort, a summary of the theory
pertaining to lossless N-way IMPATT diode power combiners {s nroe-
sented. An in-depth analysis of these tynes of eambinine structures

1

is documented in a report by Peterson and Haddad.’ ™ Thoce aspects
of analysis relevant to the impedance descripticn of the experimen-

tal combiner are reviewed for reference. The summary inclindce a
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desceription of the greneral combiner network alow with o detailes
discussion of the undesired interactions that can oceur amonms active
deviees in combiners of Lhic type,  Utability constraints imposed
on the combiner circuitry are described which ingure stable combiner
operation while providing adequate desipn flexibility.
A decceription of the various diode test circuits usea te

charactericze and select appropriate devices ie ¢given in Chapter i,
The measurement test set is briefly described, and device chiarace-

erizntion res s e prese d. Section 3.0 details the desien
t t results ar Y nted Sect 3.0 details i

and construction of a two-diode miecrostrip example that cucces
verifies the lTocgless approach to IMPATD diode power comtiniri.
Characterization results of single and two-diode operaticrn fire tro-
sented for both small- and large-sirnal drive  levels,  Dection 9,03
provides a further example ot 4 locolers conbine: aecio IS
cace A coaxinl circuit desirn provides the power summine funcetion.,
Deseriptions of simrmle- and multiple-dinde clircuits are precenten
alony with characterization results.

The Tast seetion of this report includes conclucione o1 the

work and surpests some ideas for furttoa wors.,

i
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CHAPTER T1

THEORY O LOSGLEGG N=WAY SYMMETRICAT IMPATTT DEODE POWKR COMETNERS i

2.1 tvombiner Network Desceription

A reneralized network which can be used to combine &F power
from multiple negative-resistance devices is illurtrated in Pip. 201,
The combiner structure is an N + 1 port network. K-ports are provided
to accommodate the active device terminations while one port tunc-
tions as the "combining port™ vproviding common excitatiorn and
combined Fi' power output. This port is labeled as the ueroth rort
in ¥iesCoTand is terminated in a load impedance of ZL' The matrix
deseription off the combiner circuit and the active device termina-
tion:s will be used to establish the combiner networr nropertiec
and operat ionu.  Moreoever, the circuit conditions for realicing a

stable lToscless combiner design using IMPATT devieces will be

deseriboed.

fach of the N-device ports is terminated witi an =enive
nepat {ve-reaictanee device.  In this investipation, IMPATT dindes
are used as the active device terminations.  rach active device
cran be avsociated with an impedance describine function,

Zi\m,!ll)» which is n function of angular frequency o and RY
S

¥

. The impedance decscribing function of euch

current amplitude lI
af the N-devices, alons with the load impednance terminatine the
combining port, can be represented in a diaponnl terminacion

matrix given by

. — . , ' .
'[/‘T] = dlaf!{ZL(m),anl((.\,{T Yo, ZdN(m,l.l;
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The condition off ooeitlation For the ronerad comtiner

network can be o weril ten

000 = o NS

0 [

where |7 1 and {7 | are the circuit impedance matrix and teruinn-
e

q

>
tion matrix, recpectively. O is the null vector and [ ¢ a vecetor

of" port RI circuits piven by

_ _T
!
O
NS !
- ! ]
1 = Il . (VN
IN

At thic point, It becomes appropriate to examine the lons corit]

4~ AN

at the combinineg port of the combiner (rveroth port) to

terme in the network deserivtion involving the combinirge port.,

cormbinim vort current T_‘ can be expressed as
L

2 N
| = - y——~—OI; ! . oL
f + 7 ‘
v 1. o0 K=1 K

N

With the use of kMg, 2.9 to absorb the combining port impedince oa

in 1% 1 and Iii,v.]a the oscillation condition Por cademste st gL
C {1

becomes
> »
r Al AY
(’T/‘v) + "/,,!‘;)T' = St s o
whers the primed quantities are ascociated with oo T e oot

2] are piven by

and the elements of




[ P

X ‘

“mn ‘mn A + 7

. (0.

The terminat ion matrix is now given by

o~ = R B . Tt fon 5
{.’.'} = tfl(l;{u\“(u\,!lll) PO ‘:’l'\,(“‘,!t?.i) . Ve o)

The symmetry and reciprocity propervtice of the combiner ~ir-
cuit, which were reflected In the matrix i'ﬂ, are retainea oo 7V
The nontrivial solutions of Ea. 2.6 represent the modes o0 ool lia-
tion for the combiner network. Some of these oseillation moder
(odd mades) will be seen to provide no fundamental Treauency B

power it the combining point. Only one oscillation mode (oven

pede Y will contriinte to R power output.  The conditions reouired

tor supprer:s tie undecired odd modes of ceeillation can be derermined

Ly oxaminine the cireuit corditions associates with sojutions *o
tive cnedltation condition.
Bt iy b bt fome te Bas Dot cnin Lo exn i ettty
N
TR FERE NI EF R AT B IR 1Y T et nive e oo ,\'.I R Y R I PR TR RN I P
T TRy S O T B PR TR SRR TY T S SRR BB (T O T AL BN R TYIIITRY LTI RS
. N
Vot
. .
ff"v]\( = A X O
£ A - Py
Pk kX
amd are siven by -
! 1
| 1
| |
t R
. .
o= = ‘ »
k B SR .
¥y ! +
' .
) : [
i , =1y
AR s, St g~ —




k
v e
A = L Y o
§! mn
n=1

Jke(n-1

where K = O too (N = 1) and o« = A

cirenvalues and ehrenvectors Pfor a three—device comtiner 1o river

in Appendix AL

-
The veroth elpenveector X ana
('V

)

i

s AN I N Ueed

Ancexmmpie o7t e peeadt

te correcronding cigenvi.

can be ascociated with the decired even mode.  Woern exciten, i

I

made produces RF current at the combining point with the troaer

rhace oo that fundamental RE power may

.
eiprenvectors X

K

e oxtraeton, T 0 Ao

and correspondine eirenvaluers 3 can b ey oo

with the undesired odd moedes that result in i ocurvents ot the

binine voint havins dectructive phase relationchive chat rron

Sundaeental B power exteaction. T

By

roewrittbor noine Magno OV and D11 ae

The oad=mode cirenvalue ean aleo be

-
i
3 _1
\o= y - Jkin
K . mi
n=1

whiere

oseillaetion eondition becones

~ ] = A

o K
i

£Oren=me e o GRS S
any n S
N yomoo. Ll e
mn
rewritten 4s
) ..
,  anyv om R Ceoe T

s
[

J Vo

1 i thiee fooent Tt

Bo= 1 e (N = 1), Whon Bas. 2.9 and D0 are comrared, the

.




Pigrure 200 il lusterates an interpretation tor o three—diode combiner

ot the constructive and dectructive phase relationship of the R
current at the combining point. Clearly the only desired mode for
Rt power output is the zeroth mode which correspondes to )\o and ¥ .
A1l other moder produce no fundamental RE power output.

The combiner eigenvalues have an important interpretiation
resulting from examination of Fq. 2.14. Z\k is the ecircunit imped-

b oon

1 . .
ance, and under the assumption that #ll devices up

1Y
o~

circuit are identical, ¥g. 2.14 can be written nc

—
1

Vo= -Gt = s G, (e

where 1 = 0 = N0 A stabTe colution to the zeroth mode, which iz
the fundamertal RE power rroducing mode, would be reguired Tor Ri

power outout

-z e = (ae) (2.3

Lountion 1o impllies that tor the even mode to be exictedl, a circuit
impedance >t 3 nt o frequency o and BY current ampd ftade [owedla

0

hive to be realized.  Any solution of the other i, rives

k

in Eq. 2.5, resulting in no RF power output. Therefore, a combirer
k] 4 °
desirn, free from odd-mode Instabilities requires that the cirouwit-~

device interaction

- 7,(’(,1“),1) = *k““‘) , k=11to (N ~-1) (..

be preventod from occeurringe.
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Bocaucse ot the inberent nonlinear natare o8 the devicoes ana

the possibility of nonidentiecal devices, additional modes other tonn

those mentionsd hoere are poussible. However, resulte reported in

“
Y

. 10 . Lo
the Titerature > have found these nodes to be very unlikely
becaure they require highly unucual acvice-cireuit conditions to
exict,.  The doe of devices that are nearly faentieal appoear b

: R . : . : 10
preclude the possibility off other medes from occurringe,

2.3 bossless TEM Transmicsion iine Jonmbiners

The reneral theory of combitimgs networis that oy loy roting-
symmet rie eireuits will now be npplied to lTossleos combin g netword:
that wtilice IMPATT devices in T8N line clrewitoes Sirare 0

iTlurtrates e tyvpienl Teatures of these combinine netw rre, e

Betwerk o envert ially an oarvay o active [MPATT aiom oy arranemed
crrmet vrieally et noeoenteal Thab" o or conbinine nelnt o aern
Geviee Co cvameectea te the combindngs podnt vl e ceet Do ot T

TN T S L T A S L L e S R -
" ver o e ot Teee e e, L o AR A '
e TR R AR R NS L S SR AT AT U ISV R PR B SET S S SR I IR U SO S PYRPLI AL
Voo ment Do be Smeptdriey b T ko= 0t 0 = 1 s

allothe T tevrns o Sl edrenlt natrix are | Tl Toere o
r
Pn the cree 0 dhe onbd medeny alb e poewer iy Tles dnce the o=

Hiner networs oo returned e combiningr podnt beeborve oo e v ire
tie ) ot clreuit o ae faroac the o cormbiiner e caneearne 1, !

comtoiner de s To one thnt ean oporevide cuitatle cerr et dos ot

the aet fve cevice: to prevent any odd modes Ceow cecareinge,
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A combiner circuit desipgn can be realized by the use of
i IMPATT devices with dispersionless sections of TEM transmission
lines. ‘The bandlimited negative-resistance nature of IMPATT diodes
may be used with combining lines of characteristic impedance H“ and

length ¢ to provide a stable desipn with only even-mode operation.

The combiner network of Fig., 2.3 is assumed to exhibit the

symmetry properties of a circulant network; the relationship between

; port 1 and port " i identical to the relationship between port 1
and any other device port. 'That is, all Zlk (for k. = 2 tn N) are
the same. PFurthermore, all Zkk (for k = 1 te N) are aleo identical
due to scymmetry., Therefore, the circuit eipenvalues gmiven k4;3

. . k(2w /N dk(2)(2n/N y
Vs e b kG e /)y
K 11 12 13

become depenerate and

A = A =\ =S i Ay . gLl
1 2 3 (N-1) (
With 11 \y (k =1 to N = 1) being identical, the odd-moae elrern-
values reduce to
A= 37 tan BR (0o
k o

tor K = 1 to (N = 1) and where B = 21/) is the propagation cooi')-

N

cient. and £ is the length of a transmission line., 'The oicenvalue

asvociated with the even mode is given by

N7, + i7_ tan (8
1 Q

A = Y Vi
o Ao 7 4+ jiNZ. tan pg ° S
O 1

where 7 is the characteristic impedance of each combining Tv
(9]
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transmission Line and NL i the Toad impedance ot the combining: o
vtrenipeht forward cquivalent. circuils enn be aacrocinted with i
cven- and odd-=mode ecircuit eirenvalues. X(} roeprecents Lhee e
impedance off a section of dispersionless TEM transmiscion l1ine ot
lenrth £ and characteristic impedance ZO terminated in an «7fcer ve

load impedance of NZL (N = total number of devices combinea;. Tt

odd-mode eigenvalue, Ak (k =1 to N -1), represents a sectiorn o7
TFM line terminated in a short circuit.

The odd- and even-mode equivalent circuits shown i ¥i.. 7.
specify the circuit conditions required to control tne rarticular
circuit interactions. Clearly for a stable comb:iner deaien the
odd-mode equivalent circult situation must be prevented from
occurring. A combiner desien that provides ndd-mede ctatility

requires that there be no stable solution to the creillation con-

dition,

7. (juw,1) + Jotan BLo= 0 (0000
¢

for a given freguency @ and RIF current amplitude . Tic eonatrain
can be met by the use of identical IMPATT devices having n banc-
limited negative resistance. Solutions to Eq. 2.02 need only be
considered over a limited band of frequencies.

A typical admittance plane plot of an IMPATT device is shown

in Fig., 2.5. The bandlimited active region is clenrly evident.

AL small sipnal, the diode becomes active near the dicice "wwainnche"

frequency, reaches a maximum negative conductance, and becomes

passive afpain at some frequency determined by the devicee carrier

transit time. large-signal contours and conctant-froquency cont ure

S —— TR, TR IO - e
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are alvo iondieated,  An o important subtlety off el D00 0o thnt

Tower frequencics o passive device admittance at cmal l-sipnal ]
can become active for certain drive levels and frequencies., Th
point must be Kept in mind in choosing an appropnriate combiner
cuit (TkEM combining line lenpgth and characteristic impedance; t
avoid solutions to Eg. 2.22.

Solutions of kEg. 2.22 can be rewritten

18

Rd(jm,l) = 0 {(r.0
and

Xd(jm,l) = - '/,o tan 3¢ . (.o

Foroan gdesired device-clireuit interaction to occur, Fag.o 20003
murt be gatisticd when }\‘i(jm,l) = 0 rfor a particular frequency
L

RV current amplitude.

Jes Udreulit Constraints for Combiner Stability

“he combiner circuit desirn for only even-mode oneration
more ecasily specified if the nesative diode imvedance and the ¢
impedianee for the odd-mode equivalent circuit are plotted on the
”

Smiti chart as i1 lustrated in Pie. 2000 In thic Sirure, the

doviee curve (necative of the diode impedance) i plottea for a

nt
evels
is
>ir-

O

3 )

AT

1y

ireust

M

tyvpical IMPATT diode in the inverted reflecticn coofficient plane

(impednnees associnted with active devices arce piotted inside th

Smith chart and those impedances correspondine to prasoive vl
are viotted outside the chart )., Fxamination of §is. 000 fndicn

that, the diode becomer active at a frequency wo near the df oo
-

N

avalanche frequency, pacses throwrh a point of maxinum reflect -

raing and becomes bascive nenin at the Trequency ot She olrveuit

o
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curve L represents impedanes ve, frequeney ot Phe ostd—monae
cauivalent cireuit (Cimpedanee of o chort—ecirenited coetion o

dicpersionless TEM transmicsion line). I order for the combiiter

to provide odd-mode atability over the active bandwidtlh of e
IMPATT device, 1 circuit desipgn must be selected such that no
intersection will occur between the circuit curve and the aevicr
curve (small- and larpe-sipnal) at a given frequency and Rioanmpl -
tude. While the device 1o active this praphical constraint oo oo
interpretation of avoiding the oscillation condition of rFqg. |
The choice of circuit that provides combiner odd-mode

stability is constrained by

- X () = 9 t : AT
)\d(nc, O tan R (o.0kn)

and

tl
N

‘ = 7t (o ok
- .\d(mm) o tan Re . LRt

where Xi(m) it the reactive portion of the diode Impedance when the
¢

real part ot the diode impedance B (o) is identically cerog ana
(

i
2'.“ and ¢ oare the characterictic impedance and 1ine Temrth of the
lToscless TEM combining transmicsion iine, respectively. 2 Qs the
wave propacation conctant.,

The requirement. rfor combiner stability, indiecated by Hg.
RPN

J.0h, can best be presented 17 angsles are associsted with imreaanees

on the Smith charvt of Fiyeo D060 Mor odd-mode atability ) the olr-

cuit aprears e oa short-cireuited lTenpth of
On o rith eharty thic tranclates to an iy annee Ve Uroqieney
contour which bepine at 7= O and proceeds alorges *he cut o

perimeter o the Smith chart in a clockwive fachiicn, wio e tie




v

anrle o the cireuil normadl ived jmpedanes 0w ) = e torennee
. )

ac indicated in Figs O, Stability ) theretore, can be nchicevea

under the conditions

and

Ulw ) o= are (- £, [o.0%0)
m m
where X and Xr1 are the normaliced diode reactancos ot 0 and o
(. T ¢ .
respectively, under the condition that & (o) = 03 and they are
d
det'ined ngo
\i(u\ )
3 = ‘ ¢ N
T Lo
and
Yo
- - o . .
X = Yo ) = . e
m dm
The termc oare o= Xo Y and oare Lo X{a YT e ambleusens s v,
- -
A terrenriate e forenee ot creele vl e ciaer i Lt .0
o et s WEHE P vroner v oo ity e oo qeti b b Toe o ey
ctat bty beeors
N
ey \ - _ - 1 ‘_j;f»‘ e
- Con ) vl Yoot
and
v . -1 -,
Clu ) = U+ 0 tan - N . JERTS
m oo
whoere tan P oemiven by ite orrinedple vl wrooci Dies gt et
or Courth quaaaranto Other codnt ioma bes Dge O ire e s e
However s those oo dut fone veanive longrer T8M combinines Dlre Lo

which in renlity are oftern imvractiond.
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The stability constraints of Eq. 2.28 specify the celection
of the combiner circuit. The TEM combinins line lenpgth £ aetermines

the impedance angles G(MC) and 9(mn). The celected normaliraticn

i

impedance Zo scales the valuen of Xi(m Yoand ¥ (v ). The corbina-
4 ¢ 1

tion of line length and normalization impedarce (characteristic
impedance of combining line) that satisfies bq. 0,06 surpresses

circuit-device interactions that result in odd-made instabilities
Dicdes must, however, have mm/mc 2 2 to satisfy the stability cri-

terial of

The greatest flexibility for a stable combiner gesign i

r

obtained by using the variables

| X (w
po= dk C) (n.00)
\ X (m ) (e
d m
f and
4
m
= (2.30)
w
1 o
!
! To manipulate the stability constraints of Fa. 2.28 to
1
1
8w ) = on - 2 tan—l - = 1 {(7.31)
c pX (w )J
d m
anad
a tan” { ! +tan™t (X (w )1+Z (o = 2) = 0 (2.32)
] — (0 - - ¢ = U .
< 16X (w )J d' m oy * e
d om
dispersionless lines are assumed and 0(mm> = aﬁ(mp). auations
0031 and .32 provide the criteria for cho sing the combiner

circuit. For a device with a siven @ and n, the equality in ¥q.

2.32 can be used to find a maximum value of Xm from which a value




ot pornedt cotbion tmpesiniiee or

L= v (m H/‘Tyi(m H e be

O dm m

Fg. 2.3 then determines the a

vl terion e imneag

goetermined,  “hee ine

nete ol ) = ol T

avpropriate TEM combinines  1ine Lemwsth 9 is o,

et
Gand ity Tn

from wiiioh tie

conciderable Mlexibility in combiner cireult goclen can e nrnln,

with devices havine w ,/’,,,“ < U leeenase ol e T T stan 1o

marein provided LY cucenh device:, '

J.H  Even=Mode Pesigno doneioernet Tone i
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stability., 1t ius uoeoruly however to oo cider cin ormn Ty o ny
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Tdentical devieces arransed in oo Gial-vyvmpmet vic con? imn nreoare
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Ches cven=mode cquiviadlen cireait o wae chown dnocde, DL ah o
rettects the propertics ot an impedanes bpeanscrmer s Mhereore

to achieve renlistic jond impedances at. the combining point
consideration must be yriven to the number of devices being combinen

(aside from physical congestion limitations). It is desirable tc

mT

have the optimum vower impedance point rotate throush the TEM

comtining line to a real value, facilitating vthe desien of wLie
combiner as an amplifier or cscillator.

“he choice of combining line lengthn £ and characterioctic
inpedance U te o pive 4 oreal axis mapping and still provide - dne-
mode stability van often be achieved for devices with '<rm.//*~\(, .
At xramble will be precented to illustrate tne technigque.  lrure

Ny s e
In

2.7 chows the impedance ctirncteriot fes of ap X—bard (MPATT jevice

10

experimentally determined. Jhe dinde wars bineed at o currens of
190 mA with a voltagre of aroroximitely OF V., The cptinun power
normalized impedance occurs at frequency o = 5.0 GHT and o clvern
oy
_ - E 3%
L L T i SR TR
(1%} 4
Q
noorder to rotate - 7 a real axis valuc (with = nornoel iz
I : t it 71 to a real 1 {wit
aon
impedunce rreater than unity) at the combinines oint, - 0. oo
map throush arn angle 8, = ?B(mO)Q = .01k rad. Thiv oanee
corresponds to a TEM line lengsth equivalent te v = 04 4 «ar

read from the Smith chart, where Xo 1o the wavelonet i o0 Ty o

@& e

o The question that must now be considered 1o 19 snie rars -

cular value of TEM line length satisfies the stability oo ra e

of Eq. 2.28a. This may be checked graphically by urins '







\ = T , (2.30)

which assumes digpersionless lines.  The TEM combining 1ine
can now be expressed as 4 = 0.200 )\C, where f'C = 6.7 GHz hos
assumed. The angle OC = QB(mO)Q =2.8L rad and referenced as
clearly satisfies FEq. 2.28a for odd-mode stability. In thio
anormalization impedance of Zo = 35 Q was chosen. ‘The large

margin supplied by this IMPATT device provides both odd-mode

eyt
Geeen
SLOW.
(23 CT% S DN

stapiilty

stability and a real axis map for the optimum power impedance.
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CHAT e LT

DEVICE CHARACTERIZATTON AND COMEINEM KiGAL TZATTON

The selecetion of IMPATT devices with apnropriatc negative-
resistance characteristics 15 paramount for the realization of o
stable loaslens TPM Vine conbiner. Candidate diodes must exhibit
cortain measured characteristics: (1) the doevices muct have a
Timitd phase variation over their acetive ondwidtbiee, ctherwic:

4

oda-mode combiner instabilities ean resulty (2) the devieers must

have suitable impedance levels wilih respect to the embedalin:

cuit, which insures adequate rellection gain for diode measure-
ment; and (3) the devices must be nearly identiecal in their active
resion.

The device characteristics, as measured, depena larsely on
the test circuit in which the diode is measured. Therefore, n
device may require testing in various circuits tedetermine the
most. desirable circuit to trancform the deviee vroperties, 1In
this investiration candidate IMPATY devicer were characterized in
various microstriop test fixtures to satic{y the required measurea
characterictice mentioned above. In this wiay not only were suit-
able combiner devices selected, but the combiner circuit charac-
teristics were established.

In thic chapter e various tect cire (000 ren 1o coelect
approprinte devices and detornine a4 caitab oo contdner cirenit e
presentoed.  The messurement of gevice charaeor?
the measurement tect cet and characterizat . o troce s

diccunsed and e recuite precentoon,




The devices available Por e in this staay were O toable-

dreiftt IMPATT diodes manufacetured by Hewl ot totmekeed. ! Criptinnd

desipned us puleed power sources ato X-band and Ku-band, these

packaymed devicoes were operated in oa CW mode at lower current Jovels

in this investigation, The goal here was not to cbtain Lich power

levels but to demonstrate the combining technique. A& cumpaors
typical diode parameters of the devices uged in this ctuay o 2

in Appendix C.

‘

3.1 Basic mxperiment Test Set and Measurement Tvonniyie

A semi-automated microwave measurement system shown (oo
2.1 wan used to mensure and process impedance dnata obtaines Yrom
varioue devices and networks in order to determine ana realine wo
suitable combiner design. The measurement cvoton io combriseca
a microwave network analvzer, a synthesized sirnnl senerator, an

a retlection test box, all of which are int.-reonnected throurth a

system multiprogrammer interface and interface computer bus (Hi-153

A Hewlett-Packard 9825-A desktop computer, with ite suprort sof1
ware, functicned as the measurement system controller providing
communication and data transfer from the mensurement harawara to
the computer memory and to outrut peripherals. ‘his ovstem ic
designed to provide a fast and accurate method Lo collect, proce
and present measured impedance data from a device/network ander

test.

An extencive collection of neacurement, cotwire treviogeiy

written in HPL (Hewlett=rackard lanfuaee) has been deve s pedd for

this measurement system for control of the various haraware

o
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compenente. o addibion, the ol bware providers the necesirey

dntn processime Lo correct crrors in the mensured data cnucea by nn
impertoet test sctby Onee aomescurement. bo o compbetoed and the data
correctoed, various output formats can be gselected to present the
results,  Tyvieally, and the method most frequently used in this
study, Smith chart plots of normalized impedance ve. frequency of
active device/networks are used.

The complete measurement system of Fig, 3.1 i¢ almest totally
automated. The operator ic required to initialize frequency 1imite
and stepsice, and to manually change ctandard load terminations
during o system calibration procedure,  The gystem then responde
by making calibrated, swept frequency measurements of the reflection
coefficients for a device under tect.  The cyvetem aoftware unes
the astandard one-port reflection measurement. error model shown in
Figp., .2 in calibrating the test et and provides errar correctean
data. An abbreviated flowchart of the cne-port measurement and
calibration procedure is shown in ip. 3.3. The operation ana
hardware intepration of the semi-asutomated microwave medsurement
cvatem are well known and documented in the references.t 7 e
reader is referred to those references for a more in-depth diccuweeion
of the ayvetem and its limitations:,

2.1.1 Measurement Reference Plane. 'The error-corrected

reflection coeofficient data obtained from the fevico/netwe re aaoier
teat in ucually referenceda Lo n vpecified mencarsent plane 8 e
measturement toect et Thic retference plane bo o initia iy et Do
at, the tedt nort of the reflect o test box ac Tntlenten ino i,

3.h,  The imprdance measured at thic planc, 4 1 Q6 menera, o

¥
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the desired impedance of the devi

is rotated throush 41 section or!

impedance 7 and length ¢) connec
S

combiner outpnt port. The more u

mined by either phyoically adding

(i.0., lTine stretehes in the

}‘\\r‘t
mathematically "rolling down' the

expression

ce/network under test since it
ansmission line (characteristice

ting the measurement. port with the
sotul o deter-

impedance '/.i must.
8

Tine lenpth Lo the meacurement

retlection teat box) or by

reference plane usinge the

S= 37 tan @ji
o _ o m O
407 o o= 42 tan g b
4
which rotates O to U as shown in ¥ip. 3.4, v, i Pnvent feen 1oy
il d
the mathematical approach was used.  Lenpth v of U conmect jne b
Tine in determined by replacinges O with o clort-clin o 1
and suring this Joad eover the desirved mearuroment Ceeos oy 8
The TEM bPine lensth o ois oselected Soroan ! ..t ;
crrcr-corrected Trollod agown” e eannee R A
impedancee point on the Onith choart oo ob oW .
chofee o 0t piinimices the e v -
on the chart cver the measurem.rt Urey o
Tine toeneth,  Thic cotatl o oy
device/network tereineg ..
ol Note oo S -
Mo Urement s Were Letee oy M M
ot Wiy, S LTS S RN L , W
meter, Sneoavee b T Wt =~ thy (I
SienaL eenerator Lo i et : - ' v Citwne

control ot Treequerey

2 r—
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S0 Micraoo

MIURIESTS

o b ot e

strip line wags

turn wees o enoXied

the device to

R connector

with o viag !

.0 Ulngrle=Devies Mont, Clrenddbe aney e teriyatl o eoul b,
Candidate combirer devices were Initially charactericon jrnotie 00
microctrip test cirealt shown i ie. 3070 A vetlon of SO- s mior -

fabricated on 00005 1 aluring curerrate, wrien .o
onta o o colu-plated, brocs toct Tixture neoenolyv.
Gold wire (0.0007 in diamets:r) was thermoc mrrens on BRI
Y one enid of thie LO=0 mierostri: oo e tor. An
Was conheectod Lo the other erexs 70 e biac o wne ool e
e jneluwded in thye meacurerient test st o ire e
d¢id not vprovide correct imbeaance levels too the aloae. Dome Cornm of
inpedance matehing network would be requliredd.
The corrvect lonedunce level wao deternined Lo oo vy 9 avaii-
LMEATT dioae coaxial tegt circudis. Thic test clrcwi” fad an

aple [MEA

interchanyeabl o wwo=rection auarter—wnve lenc . transrormer wiiol wag
ureTul in optimizineg the eoireuit lnredance Leve’, e st ive -
reci ttanee Tevele wers oot ained witn o trans” RTINS R
Corped HO oy Lo arrre N [ A TR S . Soustrates povical
reflection saine mensured e oo function of Trer e Ty aitterent
Pl currento,

The o eetrionl voulval oo Sl SNy et el R A
i #ie. 3.9, Althe uee iyl i st LT Lt e
micr crringy Ui edectrion Teanctn 0 N A S S ST
pronin it tue S corbiiner aecien, o The T R S SRR EEU NI F LR
Clated Wit e cond i o i ren b enne formaer : AR
device—cireait jnotap it ios, et s R R R
frae-lance trancftormer desieren R TR S T e
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peak smadl-sirnad in Tnoc i 08w fneorporatod jnto L
modi fied mivroctirie cireuit board shown in Fizs 2010,

The clreuit board of Mie, 3,10 ditYers from the previoas
microstrip test circuit by the inclurion of a section of 16—

il

transmicsion line which improves toe matebhiinge of the S0=7 «lpenls

to the device.  No attempt wiee made G opt fmine Ui regrat Dyve—re Do e

level or bandwidth. Only o suitable setive device pepion wie of
concern.  As degscribed in the menssurcement toct cet gecetion
report, impediancee data i reterenced Lo oa brecceribed plane on
test civeult. ‘me pocition of such o peference §oent o lo sttt -

Tished uvine o chort clrenit at the plane 0 Srterect s In o the onle
of the circuit board of iy, 3,10, a H0=2 cecting HF rijevastrin Tine
identical in Gjensth Lo that of Bie, 0000 wns Dot et

onto i cimilar test Cixtuare,  The ond ¢F thie Ho= i whr e

bonded to the eold=plated ascembly Cixteire o0 o v lmnm byt

wire. This cotabliched o reaconable olevt cipenls ot the me o et
plane.  This technique works woll with Tines thas re o0 Gle s

widti,  Abrunt chanrer in the characherictic rmreddnnee o0 niorcorl

lines introduce sirmificant capacitive dircontinuitics Lo prever - ue

A procedure from being used. For this rearson, the measured inmbeannes

data was referenced to the terminals »f the Impeaaice rynnet pner

and not. the IMPATT device. A combiner deciecn o neverthelecs ot
possible at this reference Llnne.

Firure 3,17 il1lustates the meacsured v Ulees tor, o e Ui ey
aata of o typical combiner device as mensiosd o0 e wlore Srrin et
circuit, »f ie. 0100 The data To plottod ne o et 0 00 Treaen

for different bing currentc.  The impedanco teanclorminge et wersn o
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EMEATY

Timpedanec, i ther ceo baed o st bable toevel o e e

retlection srain. o attermpt wnan

miateh cince the pronl wir to achieve impedance levele sultablo ot
combiner desiyn.  Hirh levelo o reflect fon vain were ot e s,
A plot ot the reprative devicee Tmpedianee s mensure: at chee
retference plane chown in 2o 9,000 and normal Tred 1o 0 O Te 1T
trated on the Seith chart ot Vig,o 30100 The dmuearoieer arooeinted
withh the active device are mavpea insiae the enqrte o The o anee chow
ie tor current. bias lTevels ot 100 and 170 mfA, Aot honert Tner t

large amount 1 phase variation over the device

there is enowh otability warvesin tfor a stable cormeiner

these characioricticos, the eircuit impedance o ada-pnde ctaril i

must lTie inside the diode impedance Tocur e choewn.  Thic can pe

achieved with a short lewsth o Se-) Tine Pron fhe combining point,
Nrye drawback of the test oipcuit Jo thet It doer @t cupyly

bias to the IMPATT device, The final combiner decipn will reauire
bias circuits or each device ae a bias tee cannot be uved, A

biasing circuit ou the fixture assembly must be incluaed betore

ucine the tegst cireuit to select the most fdenticenl IMPAT

As indiecated in Pies 3013, diodes 21, 22 and <€ aprear very o

and two were celected for use in the combiner.,

A microstrip tect ejreult with a4 bine cireult Incorperateas
onte the fixture acscenbly was developed ana To ohown in Siee i,
“he binc circult consiste of 4 Jerprth o G000 In aiameter ooy

wire, one=gquarter wievelergth torgr ot the froguency ofF interoct

an Hioehoke (e,

fforming

whish ie wound around o grlace o

Tt

made Lo further optimize tie Tnreean

I devices,
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One ena of the REC e ponaea o SRR PR FEE TS R EERETA
bonded tooan of Moot chiin o crapne T e Wi D0 T e e e

e Poodthrowsh veoviadne Uy poopiiren e e Cho o ne
A cedditional otMaet capee it oy fo cr oo Te st o e T Wenenn T e

IMEPA™Y device and BY connector tor G jeolaticon ol the meaguriimern?
port.  Such bias circuits have been very uceful for the MIC elvonios
developed in this investiration, proviaine 30 1o o0 db of fvolar o
There is flexibility in the choice o offset capacitances., The
rule of thumb followed in this stuar iv to proviae a low remst v
value for the series isolation capacitance (al operating center
frequency ) an well as the by-pass capncitance forming the 14—
combination on the biag port. A reconsnt 10-rombination in the i
cireuit at the cubharmonic frequency io necded 0 eliminate thic
Tore of inectability. I no subharmonic e e ovident oo

iitable choiee o by—paco capacitancen eorn inrv ve the drvedarn..

Ceaacstormat ion oft g o deviee In othe tecst clrelt, L L1 vnoows

. b et fixture circuit board and its electricod canivalent ol g,

erent. by-pacs capacitors were used to aetermine the most

cootanle value for the bing circuit. Tnether Ceture of tiae tos

Sivtre i the ense by which a device ecan be oy
diode i¢ soldered into metal cylinders which ore teld oo o

inotr tfixture assembly by machine cerews, The crtire accentls

e up of different sectiong to accoommodute vy e d TN ewr forn :

e viired in devicee or bias networke. )

Pieare LT instrates o by it o T T ety v il
{
Sera ey e medastired s 0 funebion o Ve e e T PR l
|
voo b tet e it i e dua '."'l‘l ! Tt —_— T f
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PTG, 3015 (a) TOP VIEW OF A SINGLE DEVICH MICE UTRID o0 i) w
1

WITH BIAS CIRCUIT. (L) RIAS TEST CIRCUIT. ’
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ot ot d0h s were obtainea an approxinctely ko
vneat ive Tmpeddinee datn accoc fnted with ¢l 2016 io chiown Do
Vi G normaticed to S0 90 Ondy minor i Cereneer Tt fye

Landwidth et retflection yain are apparent. when the bine olrenis

e precent.,
Baved on the measured results of several ceviceo, o oot e

a two=diode microcteip conbiner war developed,  With pefeponoe 1.
O, two=diodes can provide o ctable combine e sl by ol

a length ot Tine to place the circult curve ino troe proceive recion

the diode curve over the active bandwidin, The cireult requlrore:n

are {(ror odd-mode stability)

These conait tons prevent tte gevice-cireuit

4

srepot Do, tht oo

t

P

too rubid=mode inctabiiities,

The corntitiong vneed Plend by Far, L0 g L enn e T e
by o leneth o of tranemineion Tine fn addition 1o the (Fe e oo
srecitieod eariier in Mip. 3.5 or oan aprroveinte junieer Dot e
element, cinee the final conmb iner oo . SRR o : A

structure, contiect ion of the combinim: port o vne iy ooy wis
suitabliy chosen inductive bona wireo,
Ao Terttn 0 old bonGinge Wire Cadl o te e ioerTe s 0 Tt ey

18
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where d 10 the dinmeter of vonainT wire i ineree

of bonding wire in inches, ara bode the Tampees Pl wtnnee oo oo,
nt. Uoing o lemeth off 0,007 in dinmetor wire, A A LS 1 e Lty

in an equivalent inductancee L= 1o e At T et fve et U siaeney

limite, this Inductance corresooands bo roeme Do it e tar oo

ot 000t and QLG e shown i P T 2SS S R R r
deci;n oas outlined trom the device crtiaractericag Tor rmes s Gt inen

in the fntest microstrip test clireult  io roouibde,

(v

AR Two=Diode Microstrip Combiner Sest dlreziv, 0 twe—tl e

microstrin TEM 1ine combiner was desipned and conciructed bacea 7o
AT

resulte from individual IMPATT device meacsurement s conalst ey oo,

devices In various microstrie test circuite. The implepentea acoiorn

Pooshown seterst feally in Pl $01800 The simele two-wig comeet e o
the cireuit i clenarly evidents 'fwe indetendent devices olae elre 00
are (neorporated into the deslen Lo provide cepnrate polne curvens
i
control for the devices.,  In additien, fwo microctri; dnre e ‘

tranc Corminge tetworks ave utidiced to dpproare the cirendt - vie:

frvednnes mat el U= Tosnt 1o sea et e combloindie T
combiner foad impedance.

The rivoiens realization of the comtiner gerion o obown i
Pies. 3019, 3200 and RL0i. 0 vheh fipure PTluotrnter oy sl Gy oaiv-

feren'. feature of the entire combiner tesr="Ixt are ncoentds wh

connicts of three pertu: (1) the microntrls olrenit nonra, fhie

- FETY . . 5\ . . N

A Tioe cort eircuits, anae (2 the combinin- oo e o conre, ;
exeitat jon and B cower output.  Mach o il i perv s 00 e

combiner will be Jdeseribed in detail.,

!
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The microstrip eircuit bonrd containg the combinine §ine
providinger the appropriate terminations to the individusd (MEAT
devices.  The bonard consicote of 0,004 in thick wluming with oo 07340

in diameter holed placed in its center. An ultrioonic lrmpaet ard

wite required to drill the hole in the alumina Gonvd,  frranrea orn

opposite sides of the center hole, twoe Tow-impedance sect jons o8
microstrip lines function as combining lines connecting the dev e
to common points for RIF power output.. Moreover, these microctiriy
sections function as impedance transgformers providing an improve:
impedance matceh between the 50-Q impedance at the combiner port
and the low impedance of the packaped IMPATT devices.  The denien
ot these combining lines is identical to that used on the cingle-
device microstrip test circuits deseribed earlier. The circuit wie
dupl icated on the two-diode combiner circuit as shown in Figs. 3.°0
and 3.21.

The combiner design utilizes two independent bias sourcey
to supply current-controlled bias to each TMPATT device. The use o7
independent, cupplica circumvents potential provlems of therni,
runawny and current ctealing that can cceur by cine 0 sinerle power
supply.  However, the two-supply design requirven de fvolation betweo
the two devices. 'This requirement is handled Ly *te jocorvorsat)on
of two bias port cirecuits on the combincer tect PCixture,  lanch of
the bias circuits include the same RE chcokbes el bo=raes o0 e
capacitors ac were used on the carlicr micractriy o0 olreaits,
e biac cireuits icolate ench deviee frop de aret croviie e
ot effectively sunplying de current. oo each oo v les Wi b b e e

RV, Ceramic "feed throurhs™ Cacilitate the il 0 Ll oo o
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to this test fixture, and provide an extra mcasure of strength
to the entire aecembly.

The combiner combindnge port 1o realized oo the poannare
topoloyy of microstrip by the uee of A planne~to~conxial teanecis Do,
A small hole drilled in the alumina microstrip board provider =
via for the center conductor of a coaxial transmission line to
protrude throush the microstrip planar surface forming a post.
Silver contact epoxy is then used to anchor the midpceint of &
length of 0.0007 in diameter pold bond wire onto this poct. e
other two ends of this wire are thermocomprecsion bonded to *he i
ends of each microstrip combining line. Yipgure 3.01 i1lustrnt. .
the top view of the microstrip board which clearly shows the

. . . . N . . . . ’
trancition required to realize the common combining point (o

summary of this microstrip circeuit board fabrication can be Poun:
in Appendix ) Fipure 3,22 illustrates the panel mount conxind
cornmnectaor used as the combining port line. The [ anel mount |-
serewed into the combiner test fixture from underneath,

The two IMPATT devices are cecured inte the combiner too:
fixture by soldering them into cvlindrical copper heat civke, 0o
fastening these firmly into preseribed eylindrical heles inori.
fixture assembly by means of machine screws. n thic wny, o
suitabie heat sink was provided by air cocling the combiner
fixture. An additional restriction was founa reparding the aevios
bias current. The bias current upper limit woo 700 mh. Dur-
paccinge this value resulted in bond wirer meitinge qd devie

burrout.,
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3.2.3 8inmle Deviece Characterization in the Two-Dioare

Combiner Test Fixture. 'The nature of the coaxinl-to-planar transi-

tion used on the two-diode combiner circuit is different from tie
sinfle diode microstrip circuits. Consequently, additional device

s

characterizat ion measurements were carried out on the [MPA devceys
using one-half of the combiner test fixture as shown T Fig. 30079,
The bond wire, connected to only one combining line, llow: nmenoure-
ment. of a4 singrle device in a circult more suitable tor preaict i,
two-diode combiner performance.

Figure 3.00 {1lustrates the small-siynal retlection i
a typical device as measured in the two-diode combiner tect rixt . r.e,
ata for three different bias currents are shown with handwiati
hoe% to 4.95 GHz. Peak small-signal pain ot 0 wh bhing coprent
is 3.7 dR.

llsing o chort—-circuit cap, a measurerent roederence it wo
entabliched at the combiner combining point wna irvedanee antyg
reterenced to this point was obtained for inaividual (MO covices
in the two—ajiode combiiner teot fixture. The data correcponaing i

ig. 4.0h is plotted, normalized to D0 O on oa OSmith o chart Gnosig.

3.0 The diode curves of Fig. 3,25 revrecsent cmall-oicnsg dita Cor

three different biae current levels., The active device tandw ot

AR

ic from arproximitely o6 ta U9 Giiv. hee inset of Fig. 3.0

eactnabl ishes the meagurement. reference plane for b

order Cor oan oagd-mode instability to occur, rne
curvers chown would have to interseet the chort—-cireult Jrredane

vadnt o oon the Omith ehiart,  The  narrow banawiafe o0 e (U007

devieeos rrohibite thic Intercection,
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The reduced phase varjation of the deviee curves in the
combiner tect circuit with recpect to the microstrin tect fixtures
is probably attributed to less stored enerpy in the coaxial-to-planar
transition of the two-dicde circuit. This provides a large stubility
marsin and ~fers lexibility in the circuit celection.
Larpe-aiprnal measurements were aloo conductea orn irna viow:

devices in the two-diode combiner circuit. Firure 3.20 117 .01 rates

reflect.ion pain information of a typical combiner adeviee e o Sunction

of input power level for several frequenciec. The data crowen Do 0o
a device biased at a current level of 100 mh.  The pesk pain cours
at an input power level of avproximately 5 dBm and saturatoes
rradually to passivity by 25 dBm of input power.

The performance of a power combiner is specified by Ity power
Feneration capability. This can be determined by meacurine *he
reflected and incident powers coming from ithe aevices ana taking
their ditterence. This is the vower added by the aevice or deviee
senerated power.

Ficure 3.27 illustrates the meacured penerated rower of on
IMPATY deviece as a function ot input power lTevel., Daia is jrecenten
for toar different frequencies.,  The maximum senerated power of

o vy T T . Tlie
: arrreximatels o e,

L3 n ~ocurs at 4.0 GHz for an input power

Hirber frenquencies nrovided less penerated vewer,  Faulrpment Timitn-

tiors aid et «11ow data to be obtained Velew 60 GHrL L,

.

¢ s becnmes inereacingiy sirnificant Seor rencoaire mento oo

cirend
Pict o dncut power, low pain conditions (co o soern e, a0f

thereby reducing the effective added 1ower.
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The datar seauired o fraiyidunl devicee Tt e d iy e
combiner test cireuit (1 1lowe (he e tormanes twoimtd oo« poe
tor be predicted. Measurca Trrcanree dataoob che copbiining it
aiftrfers Cron that obtaloed Tnoml roctriy test Sixoares wroiern b
no couxial-to—planar trancition ot the cutout e,

In the sections Lt "ollow cnavaciorioa Don resut s U
two-dicie combiner will be precsented, Tt will be showr thot the
stable cperation precicted from Lhe sinrle devior meanuremen ra
in the compiner circult de irelved lead te ctaple corolier
Gleeet Lom,

S0 Twoe=Dione Mieroorrin Copbiner Coaracterivasioo. R
measur- rents were conducted on the two=dinds miersastris conbirner t
determiine the crervating charocterist les o7 1o decion ah an
arolifier or ocellliator o verily ana cotot Ticn et crnnle
power—-surming cperation under botno omait—vlors, o Torvpe—e Lonnd
drive levels was occurring.  hic section ddecceriber the experinentco

uced te ovaluste the combiner vertformance and summarizes the

results ol
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Throurhout the experiments on the riicrostrip combiner, device
bians current levels were maintained to the range of 80 to 105 mh
per deviee with correspondinge voltages of 114 to 120 V. Thix
limitation was imposed for two reasons: (1) the 0.0007 in diameter
gold bonding wire used to connect device to circuit can only sustain
approximately 170 mA of current before melting, and any bends or
kinks in this bond wire even further reduces tLhe ability of the
gold wire to handle current, subsequentiy reducing the melting
current limit even further; and (2) the heat-iink propertics of the
packaged IMPATT devices are not adequate in @ microstrin circuijt
environment. Rilag current levels greater than 130 mA resulted I
destruction of devices. Air cooling the circuit and providing hent -
sink plates was necessary.

3.2.h.2 Bmall-sienal experimental results,  Combiner

small-sifnal experiments were made on the two-diode microstrip
combiner operating in an amplifier mode. lipure 3.28 illuctrates
the small-sienal reflection rain measured at the combininge port of

the microstrip combiner. Data for different bins current levels

(85 to 100 mA) are shown. Approximately 1005 dib o smad l-rienn)

Fain was achieved aut a 100 mA biaus level at o Treaquency of &oba GHre.

The typical active-device bandwith was approximately hoe o Lo i

with fractional 3 db bandwidths ransine from approximately 2.0 o
3.2 percent.

The small-sifnal combiner impedance refvpenced oo T Domtiine
ing point is shown in iig. 3,00 for bias currence o 800 Qoo
.

mA. The data is presented in the inverse reostion e

plane, ac described eariier. The load impeannes U0t the oombidnine

R
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roenerated power o griven by

y = - NP S
ron 1o Iin Iin(l‘ll R (5.1 |

where I'r‘of' in the reflected power coming from tie  combiner network,
})in is the incident excitation power injected into the network, ann

fI'{ is the magnitude of the network retlection cocfficient. Fauation
3.5 represents the power renerated (added power) by the device/retwors.

The added power ig a uceful measure of the combining function IS

indicated in Iig. 3.32, the power penerated by o lTouelers

will be identical if meacured at. the device terminal o v at come

more accessable measurement plance,  An et ficiency cun be defines

_ at, (o
o= - .
| N b
>4 ‘i'xk
k=1
where N ig the total number of devices, i The tpnnen wWe'l ¢

the kth device, and P " i the total aaded power of foe ooy i,
a

As defined in kag. 3.6, the combiner of0ieicer

-

combiner o unity, In practijice, offficieneios foore renton oy o

than unity have been observed.  The value obininer T e ernaers
hew 0 o ebtained. Values of g Tecs theo ity woennn Tl et
AR
a more logoy circuit than expected.  Valucr ¢ 0 pmrenter thnn waaiy

can indicate one of two poccibilitiec: (7 7 w0 mens e

proverly, the added power may have boeon messore s Do el

optimally suited For obtaininger raximum adae 0wy
wavetorms ascoeinted witto mult jpde deviee coernt Dog

efficient, than oingle deviee wavetorme, Lo vy e
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differences in the circuit. Values of n slipgntly less than unity
do offer confirmation of high combining efficiency. 1In a real
combiner, the ideal combining cfficiency of unity is often unuttain-
able. Pigure 3.33 shows the combiner generated npower plotted ng o
function of input power level for various frequencies, iand real ron-
ated power occurs at approximately 198 mW or input power at a
frequency of b7 GHz. The peak level corresponds to approximately
135 mW of power supplied by the combiner.

The measured large-sipgnal impedance data for the two-dicoae
combiner is shown in Fig. 3.34. The data s for o bias current o0
90 mA. Impedance level for the Trequencies L.y, Loro, L8 ana 4,80
GHz are shown spiraling outward toward the perinmeter of the cheare
ac Lhe  reflection gain saturates,  This data is normalicea to S0
and referenced to the combiner combinineg point.  Some Tarso—sicnd
et rects can be seen for some frequencies where poln pears ot o
level Just higher than the amall-cienal value.

3o Oueidl lator verformance of twe—adi oo conbiner.

Y the coxperiment test set of Fiey 3035 10 used, noruitable cireain
impedance can be provided to the combiner by the tert—ret e o
recsult in oscillator aperation.  Fiprure 2030 showe o oalvyiny Tron
a vspectrum analycer illustrating the oseiilater cirnnd,

oscillator power was achiceved with both combiner IMUATT deoviceo
biaced at 105 A reculting in 120 mW {01 dem) of

at n Crequency of 05 G The maximum o

occuras at . frequency away from the emal -0 irnal o maxinom ein

o

point.  Thic is¢ due to the larce-sipnal eoflests s Lol whaen

can increase the main nbove that at small oiensd,
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poertiormanee. bb s of fnterest Lo comprre thie o mensured Pwo-dione
combiner with that of o single device as charnctoerized in bthe
combiner c¢ircuit., GSince the transformed propertics of the two
devices add in parallel at the combining point, halving tte
impedance of a single device should result in a prediction «: " wo-

dicode operation. The measured and calculated small-siFgnal jmped-

t

ances for the two-diode combiner is shown in ¥Fig. 3.37. “he dnta i
Fsiven for a bias current of 90 mA with the calculated impeaarnc:
obtained by using one-half the measured impedance of a sinrle
device. As is evident in Fif. 3.37, cloge arrcenment has been acilevea,
The measured data exhibits higher gain than rredicted., This s cue

to eounling losses when the asinecle device was meacured ir the two-
diode combiner circuit. The closely spaced microstrip combiring

lires allowed couvpling to occur and lowered the effective rain
achievable with a single device.

A comparison of the generated power capability of ithe two-
diode combiner and the single device clearly verifies the rower-
summing function. The maximum generated power measurea for a cincle
device was approximately 45 mW at a level of 22 dlnm of input power.
The maximum generated power measured for the two-diode combiner waco
135 mW at 22 dBm of input power. The level measured for the virncie
device obtained under low gain conditions is, thercefore, more
csensitive to circuit losses. Neverthelear, improvor vortiornnes Do
terms of added power is shown for two-dicde eorbiper operad oo,
Moreover, the stable operation of this combiner aonirn Yae veri oo

the improved power capability over a single devies,
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3.3 Coaxial IMPATT Diode Combiner kxample

This section precerts another verification ot the combining
approach. A lossless TFM line coaxial power combiner was realirea
from device characterization measurements of dicidos in varicue

. . . 19 R .
coaxial test circuits. The development of a stable couxial cormt

is deseribed. DPulsed Si double~drift IMPATT dindes were cnce aes)n
used as the combiner devices. The IMPATT diode uspecificationc or
the combiner devices are indicated in Appendix C.

3.3.1 Single Device Test Circuit and Diode Characteriesticrn

Results. A ginple-diode coaxial circuit was desi;ned and congtriictes
for use in measuring the active diode impedrance and bandwidth jro-
perties of the avuilable IMIPATT devices. The circuit which i

illustrated in Fig. 3.38a along with a simble electrical equivalent

circuit which is shown in Fig. 3.38b was used to ectablish the projer
desirn criteria for a stable multinle device econbiner circuit.

The test fixture of Fip. 3.38 consiste of a coaxial tranc-
misgsion 1ine in whieh the center conductor functicng as a quarter-
wiave impedance transformer. At a center freaguency of approximately
L GHe, the conxial line transforms a 50-¢ impedance level at the F¥
output port to approximately a 6-0 impedance level at the diode
plane.  “The lower impedance value provides an imbroved matceh to the
inherently low impedance associate’' with packaced JAPATT aecvicer,
Included in the Lest fixture center conductor are: (1) o corier
inductance Tumped olement which resonates the dicoe /1 ackare o nei-
tanee for proper impedance transformer operaticn; (00 o sorice bu-

page capacitor, realized by an open scetion ¢! tranemiceion Dine (o

crries with the conaxial center con icetor, prov.: - o de block o i

the output. port; and (3) a single-section low-pare Tliter to supbiy .
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de bias to the diode and prevent RiC leakaere. Phe IMPAYY deviee 1o

gsoldered into a eylindricial copper heat gink and the entire conxin,

assembly is held securely in place with a set sercew. Photopraphs of

the test fixture and inner ascembly appear in Fips. 300 andg .6,

respectively.

| Device characterizations ot diodes in the coaxisi test elp-oit

! of FiF. 3.38 have provided active-diode impedance and broadwioti i oG-
mation to realize o combiner cirveuit. Fipures .41 ana 2.k 1ilne-

trate typical device small-sirnal reflection gain ana

Impeat e

referenced at a measurement plane corresponding Lo the condiining: yoine
of a multiple device circuit. The data is chown as o Tunction of
frequency and bias current level., Tt ic apparent from Sis, 2000 thnat
l. the IMPATT devices measured in the coaxinl test cireul exiibit o
]
' larre active bandwidth phase variation, Juch a larce iace variasion
wier ot obrerved dn eartier micoresteiy tent olroudioe g cnn e Tl
tive of thin cirewit having more ctorcd cenerey than yrevic e clrou e
The o tmbedanee intormad oo precented ot . SRS SRTEA TN PR
to the et tve—tioae Dmbesdnnce potated throush oo ceet o o0 DN T T
s olnoiee A har e cireudt desien ecncteaint e veguires
for suneress oatd=ric e conbiner incstsbpilitior e Yo detorrined
examinine che ctab 11ty o the device-cireult situntion nuercerton
by Fiece 3.3 Shat io, the interaction of the rotalon doviee iRpaai-
ance with the chortocirenit Dmpeaancee must Lo av oidend, S no=
ctreaint jo oot met in Che Jdevieo cnrve o Wi, 9, be o 1
oxiot that e dnree e vl condi b bone o e ey e A Wl
Ittt oo Shesctoo i renit dnasadanee Peovint ot rorth oebr,
colutior to thir pronien e be Soapid by redue ine e et Tvees e Lo
s : - - - -
T ——










—
5
60 mA
4
® 50
Aol
z 3
<
o
40
2
|
O l L JE PN S -
3 35 40 45 50
FREQUENCY, GH?




R ‘T\A . ‘
# INTERSECTION POINT FOR %/
: Lol
= ODD-MODE INSTABILITY =~/ >el

M

I

—_—

¥

-n
. _—

- it~ . Q
R R )
gt

et =4

— -

. PN N n Y T
TR TSR R ALY . : 0, R N
wio. A DRV IOE IMPEDANCE DATA ORI I BN ; N
ta
s e i C e
SEATCTICUTT, DATA DG PTTED TN TNV
e oA AT TIRTY T ey e
U PCLENT BLAN ROEMATTORD 0 S , [EF S O




0 DEVICE

|
l—‘:
?
|
! 7 IMPATT
T
|

FiL U INPATT DEVICE WITH TEM TINE TRANINCOPRMATION., UHY TUUIC -

CIRTUIT INTHERACTION SHOWN TAN ToaT 70 COMEINGE ODD=-L0T:




phase variation or alternately addinge ceries regctance 1ot
device impedance to rotate the dicae impessnee curve S0 nop vinion
where the active device curve will not intercecr the siort o Troa i
imbedance point,
3,3, Jconxial ["‘1”"1.{1."_1'__*'_‘_11” St g __'_._
Hesulte.s The singie=dicde canxinl teo: et W et ol
to desirn o a coniad dinte cormbiner tet FEATIEN NSNS S .
version of the eonxial copmbiner o opartiaal iy chown b LT e
The combiners wiee Initindiy gecirned to aceommaante W o o i
IMPATT deviees.  owever, due to the nvaiiano il o0 relnarlly rlr-
similar devices, by or twe=diode reaiioat Do war ot tems T, .
Sour~way Junction at the combining point woe oo loced with o tw o -
way dunetions The utnised conaxial franemiceion tiner, aorrive
a center conductor, funetion s cut=-or? circular prualdes wit: o
clut =0t Frequencey of 12 G, well above the decisn orerat e Tre-

Theebr et leet

voaet v termiinat fon

foatTe tre ctapility of the combinine overarion,

AVt nowsh the combiner circult is essentially n LRSS
S othe sinmie=dioae conxial clrcuit, chorter cections of L1t
Dine iemgtth owere ased Lo oachieve more desired aeviee chavacetericticos

Lmieaancee

Loy reducn muen

PRt
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o
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reduced gain and obvious shift in the center freguency of the
quarter wavelength impedance trangsformer,

Measurements of individual diodes in the coaxial combiner cir-
cuit established the active-device gain and bandwi-ith propertics or
diodes in the combiner cireuit.  Firure 30445 37 lustrates toe typical
small-sirnal deviee impedance referenced to the combining point.

In spite of chorter combining line length, the aetive-device phnace
variation is still too larpe. This may be partly due to the Tarser
stored energy capacity of the Your-way circuit over the sirgle-aciode
cireuit. Figure 3.6 shows the device emall-ciennl reflection gaizn
corresponding to Fig. 3.h4. Pwo observations are ovident from Ui
fieures: (1) additional circuit modification i required to ac.orece
the still-too-large active-device phase variation; and (") the
maximum device gain oceurs at a higher rrequency in the combiner cir-
cuit than in the single diode civeuit, Gain ic 24ill obeerved at
3.6 iz {whore maximum ain oceurred for devices in the simnprle—diode
cireuityy however, it is rroatly reduced.  The dirferences in freo-
queney of maximum o eain may be atiributed to the cut-off yui e renc-
tiatices off the unurea combining Tines. Thewse reactances may tune the
combiner circuit for maximum sain at the hirher “requency.

Additional reduction in active diode phasce variat jon woes
obtained by replacing the diode contact bellows with o cories ore
inductance, -« chorf cection o alightly hicher impedanee Dine
(111mpvd indurtance of 0.4 nH).  The albrence of the contact ol
noecestitated close machiining tolerances Lo achieve cored G-

transformer contact without deviee destruction. Troaddition, 1he

cerics by-pass capacitance was inereased for each cormbinine ine
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line to rotate the diode curve Lo o pasition whee

instabititicg could be nvolded.,  The reasults or

circuit. modiication: can be seen in the mensare

'

characteristics shown in Pige. 3047 and 3.0W8,

aFgain referenced to the combinimgn point i

active—device pharce variation with an accompanyi

The diode curve shown in Fip. 3,48 prohibits tihe

;kH‘

(6 Calil=fhinjer

thie

TR ES

Pllaatrates

1T

[

larFe-cipnal intercection of the diode curve with tiu-
point n o the Dmith chart,  The fact chat tuic corbiner

succesutlly nrovided stable two—diode condriner

the proper cireuit deoiyn.

The coaxial two TMPATY diode combiner whi

Crept

ch

EERED!

At

reaiet

R IRES T

arnd impestanee

WL re
Phe T e
T, drnoetnin

crort —e e

ol

csuccercful oy

combined power Crom two devicees juochown in Piec. 0t pong
Individual deviece bing control cimilar to that Tounn i i Pt em
diode coaxial circuit 1o provided,  The trane Sormers n tre
to provide the closect placeoment of cuch eovrbinine Tine © L
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The microstrin and conxial combiners wers onecerioe: D
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Due to eauipment Timid-tions and evice avalloaoilizy, i
IMPATT diodes usea 0 the conbiners wepe o1 o v
combining applicaticne of tric types AdTtiooagth thd e noet g oreeers
roenlication of aonratle denien, Tt odi, doowever, Lirit the enrlilre
cutput power to lower levels. 1In future work with this combini.e
approach it would be desirable to give more consideration te o iov!
selection particularly in terms of the trade-off between evics e
outeut and device impedance level. Since the purpose veb.lnd w
combining is to obtain the highest power levelg, it would r
the best approach would be to select the hivhest power devi :
combine a selected number of them. However, bdecasme of fheprre
liritations the use of such devices requires laryre dicae ar-s
reduces the device impedance level and generally reauires oo o
of matching circuitry to efTiciently courle eneryy from devic
circuit. The use of additional circuitry nade further ctore: oo
toy Phe civeuts ang omay probibit oo statde o TR AT R SR SV .
Furthor work 1o reguired o doetermine che o i e .
impedative—doevice power capabilisy s rado-. o othie . el
drift chin deviees appesr to be Che most Tixely o R
combininge appronct.,

This fnveotlention frie proviisa core oot e N
Suture exverimental work ucine tnic combivine nprne coebn ol
directinn rfor future studice woeunst e v oxton Loontr T
froquency, wamber of devies o, vern ot we RS
end, a4 o ongrerten ddesirn Tor oo ivir—a o oty A
ahown in Mivo BoTe The Tack o oo aleable ey e e
thic deciyn Crom beine torter, Toveprtin R TR




'
i .
! -
4
! N
. -
’ . I
.. .
\
|
i
i
f

e ——




demonst et enon useul Leernigue Yo Pabar et T s Cand Ditn it

concentric substrate viac., Prior to this decien, hale vine

ey lres

for coaxial-to-planar transitions at the combining point) were

drilled after the substrate board was cut. Due to ultraconic ioaect

drill limitations, this appraoch made it very dirficult tn mccuruis.y

center the hole via on the circuit board. The vroblen war overenn.
by utilizing a concentric hole symmetry; the via drillineg was jer-
formed simultaneously with the circult board cutting (unins -
single, circular drill bit). Fabrication of cireuit beariv <o
require centered vias is made more strajehtforwasd by oasing thie
technique,

Hepetully, the experimental work accomilichea in thio oty
has led to a practical understanding of the device—-cireult Drterace!
involved in multiple device power comtinin:s. The swceesctul rocdd
obtained with this approach will hopefully focter paditionnd aerivis

in extendiges the Mregquency, power coutrat e b coase s 0 e ey

device:,




APPENDILX A
ODD~ AND EVEN-MODE EQUIVALENT CIRCUIT DERIVATION ¥OR A

THREE-DIODE LOSSLESS COMRINER

5

The general oscillation condition for o radiai-cymmetric
combiner wau gmiven in Eq. 2.3. This appendix will nrecent tihe
derivation of the normal modes of oscillation for a three-diod.:
combiner svatem, beginning with the general constraints irposed by
the oscillation condition and ending with the equivalont cirouite
aceocinted with the odd and even modes.

tiFure ALl 1llustrates the three-device combiner circuit. The
circuit matrix aececinted with this combiner inceorporates reciyro-

city with radial symmetry to plive

Fer 3
L O

wioeere toe e been rade of the fact that for o ooeci o clrewit syoetry

.
o e _ o . _ o~ _ o~ i s e ~ e -
] - 4 - ‘o - < -, (1 - ras - ¥ ' - . PR b - ' -
“on a2 o oD Ty 1. 23 Yy rn” 11 0.
qu. With tio clirination of combinines vort tesme oagrag Lt i g

Fa. 05, the creilintion condibion onn e owrlt o
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JIG. ALl FOUR-PORT COMBINING NETWORK OF A THREF-DIODF 0 00- 10

UTTLIZING THREFE-WAY EADIAT, SYMMETRY AND 10800 R 7Rl

COMBINING LINES.
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where 7' = 7 (7 + 7 Cqunt i f I I TR ST B
e \m/ o ‘I.)' Fquation A, ¢ e T
in the earlier part of this report., fett - CreT Uy - n e

1, T 7,” - Z', Fa. A2 may be colved ae oan olenvale ot e W o

the eirFenvalues of
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are obtained from the characteristic equation
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ot - AV 7 (7t ~ X + (7 E = 0
(21, = 0% =323, - M) e ol =
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where A s the elvenvalue of the cauation,
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\ = vt (h.6)
11 12
nnd
A = A = 4r - . Lo}
1 ? 11 “12 (2.7

The corresponding eipenvectors are ceen to be
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|
{
|
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The relevant impedance parameters for the network of iy A0 are

7‘)
4
'7,“(\ = = J = cot Ry . [
o
A
L o
IUl 3 3 ane (e N N
Z
7 i =2 erc B9 <
A = - - ore sec @3¢ o
12 3 ?
ard
7
r . L = N
7, = 3= (2 tan pp - cot pg) . Clma
11 3

With the use of Fqs. A6 throurh A8, the circuit eirenvaloon

become

\ = 7 — Lo
o o 7+ 337 tan @y
o 1,
arnd
A = A = 37 tan g [
1 ? O

which are ceen Lo represent the coaudvalent cipenics iy Wi i,




ATPENDIX B

MICROBTRIP CIRCUTT RBROARD MABRICATION

Numerous microstrip device and combiner tecst circuits have

been designed and fabricated in this investipation. The steps
involved in the circuit board fabrication procedure are describea
in this appendix.

The substrate material used for the microctrip circuits 1.

this study has been exclusively alumina boards. These aielees
boards were available in 1 x 1 in and 2 x 2 in squares, o,.000 in

thick with one side highly polished., With some «f the combiner

test circuits, an ultravonic impact drill wae used

to realize a common combining port before any cireui* fabricarion
processing.
nce completed, ecach clircuit board wars oy xien onteo o moa-

ater tect fixture with conductive two-rcomponent ooy, herr. ~

comt ression wire bonds made at 15070 1o 2259C were used to conness

the devices to the cireuit board.

A summary of the fabrication procecs for o microstrin oire 0o

beard is as follows:
[

1. The blank alumina board is placed into a YO rerce:nt

solution of hydroren peroxide and sulfuric acid (8 0 +8 00 5

and heated under low heat for approximately 20 wmin., 0

cleans the aluming ana reroves potentind coutarinnant e whiied » =i

interfere with the photoiithoprraphy.




0. The board is removed trom Lhe eleaning: buthy rincea nand
dried with nitrogen gas. [t ig immediately placed in a clean,
closed container.

3. The clean board is placed without delay into a bell jiar
evaporator where approximately 500 R of chrome and 2000 to 3000 &
of gold are evaporated onboth sides of the board (chrome usea no
an adhesive for pgold on alumina).

L. ¥Following chrome-gold evaporation, the board underyoe: o
degreasing step in preparation for photoresist deposition:

a. foard is heated in trochloroethylene for 5 to 10 rin.

b. Trichloroethylene is drained out and board ir hest.o
in acetone for % to 10 min.

c. Acetone is drained and board is rinsed in methyucd
and then in di-ionized water (DI).

d. After DI rinse,board is dried with nitrogsen ras ana
placed inaclean oven (~ 60°C) to thoroughly dry for approximately
5 min.

5. AZ=-1375% full strength (positive) photoresist is applicd
onto the smooth side of the board. The board is then rpun et
approximately 3000 to 3500 rpm for approximately 20 s. Uhis

results in the situation shown in Fig. Bola.

3

6. After air drying for approximately O 1o 3 min, the <iur nw

board is baked in a 90°C overn for one hour.
vy

. After photoresist baking 1g completod, the Lo

removed from oven and cooled.  The microstrin circuit niack

alirned on the boara as indicated in ¥Wig., .1b nna oxposcn
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(a) Photoresist Baked on Substrate.

(b) Board Is Masked And
Exposed.

{(c) Board after Develonindg.

(d) Gold Is Electroplated onto
Regions Defined by the Photo-
lithoagraphy.

(e) Final Result.
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(typically with the available mask aligner, exposure time required
was approximately 3.5 min).

8. The boarad is developed in AZ-developer for L min, vigorously
shaking the board in solution.

9. After developing, the board is rinsed in DI water, result-
ing as shown in Fig. B.lc.

10. The photoresist protective coating is examined under a
microscope for flaws. Bottom side is also checked for residual
photoresist, and if any is present it is carefully removed with
acetone-tipped swabs.

11. After a satisfactory microscope check, the board is placed
into a fold plating bath solution which has been filtered and heated
to 60°C. Current gold-plating bath has the following specification.:

a. DPlating rate: 3 A/ft?

b. Deposit rate: 0.001 in in 14 min (at plating rate;

¢. Plating temperature: 60°C
In practice, plating time is adjiusted so as to piate at current
levels of 20 to 40 mA, with hisher current level uvea with lareer
plating areas. If unsuitable current levels are used, a soft,
dark-colored gold is obtained. This situation is undecirable for
bonding purposes.

12. After plating for a specified time, the board is removed
from the plating bath and rinsed thoroughly with DI water. At
this point the alumina board appears as in Fig. B.1ld.

13. The board is now soaked in acetone to remove all photo-

resist and then rinsed with DI water.
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1h. After drying with nitrogen, the alumina board is placea
in a pold-etech solution for approximately 1% to 30 s {(until chrome
is visible) to remove the photoresist protected Au, rinsed in DI :
water, and again dried.
19, A final etching step is performed by placing the board in
a chrome etch solution until all visible chrome ic removed as shown
in Fig. . le.
lo.  The microstrip circuit board is completed and a final
microscope examination is performed to confirm a suitable line

quality.
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ATPIPENDIEX C

DIODE DATA

Microstrip Diodes

Diode No. 22

QIMP-T7999

F = 14.3 GHz

(o]

vb @ 0.5 mA, 93.4 V

Peak P = 17.5 W
le]

Peak T = 1.6 A
op

= ?0
o, = 7.2 C/W

Diode No. 21
OIMP~T79G9

F_o= 1h.2
O

GHe
Vb @ 0.% mA, 93.5V
Peak P = 17.5 W

O

Feak [ = 1.9 A
()p

= 7.1°C/W
Or, 7.1°C/

Diode No. 36
QIMP-7999

F = 1Lk.3 GHz
o

Vb & 0.5 mA, 93.8 V

Peak P = 17.5 W

Peak I = 1.5 A
op

- (o]
Op = T.3°C/W

Lot No. L3706-LC

CT @ v 1.65 p¥

b

n = 9.0 percent
= SRR
o 120V

AT. = 108°C
Jave

Peak V
5]

Lot No. [-3706-4C

I . o) -
CT @ Vb 1.79 pr

n = 9.5 percent
Peak V = 103V
op
AT, = 119°C
Jave

ot No. 1=3706~-LC

V]

S Topk

n = 0.0 yercent

Tear V = 1.2V
o

f\\T = ]:3:\0(‘ | ]
Jave




Diode No.
QIMF /7999
o= 1h,0

V. @ 0.5 A, 93,4V

op

i, = T.2°C/W

Diode No.

GIMP /7999

Diode No.
LMY /'i't}&')u)
R N

Vw00 ma, 93.9 0V

b
E‘ = "1"' "'
(e}
' -
1 = 1.% A
[orel

- ooy
6, = ke

2‘3

A
P

Lot No.

Y
Cop &V,

n o= 8.4

Peak V
)

Lot Nei,

n_—_()r

Tt N

“ _
T
.
[
RN

L=3706=4C
1.93 pi
percent

[
r -

= 138%

L2770t -he
H .\D‘;Q, ne

ercent

Do
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Coaxial Divdes

5082-0710

f = 10.1
[e}
S @ 0.5 mA,
P =12.8 W
o]
I =284 A
op
= o
eT 6.1°C/W
5082-0710
f = 10.1 GHz
o]
vb @ 0.5 mA,
P =12.8 W
(o]
I =0.8404
op

= o
BT 7.0°C/W

116 V

116 v

Tot No. R-b-51
No., 20

Cyp @ Vb 1.97 pF
n = 10.4 percent
Vop =1k7 Vv

A = 169 °C

Tjave
R-L-5B
No. 63

c. @v

T b? 198 pf

n = 10.2 percent
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